Introduction {#Sec1}
============

Cebranopadol (CEB) is a novel, centrally acting analgesic which has been proven highly potent in various animal models of pain for preclinical studies and efficacious in multiple clinical trials^[@CR1]^. To date, there have been 12 clinical trials including 11 completed trials (<https://clinicaltrials.gov/ct2/results/details?term=cebranopadol>). Cebranopadol, with a unique mode of action, is a high-affinity agonist at both μ-opioid peptide (MOP) receptor (*K*~d~ = 0.7 nM) and nociceptin opioid peptide (NOP) receptor (*K*~d~ = 0.9 nM), and can also activate κ-opioid peptide (KOP) receptor (*K*~d~ = 2.6 nM) and δ-opioid peptide (DOP) receptor (*K*~d~ = 18 nM) at higher concentrations^[@CR2]^. Compared to classic opioid analgesics such as morphine and hydromorphone, cebranopadol is more effective and safer with a better tolerability and has less addiction potential in humans when used as an analgesic^[@CR3]--[@CR6]^.

Previous studies suggest that NOP receptor may be a potentially interesting target for treatment of drug dependence by attenuating the rewarding effects of cocaine and other drugs of abuse^[@CR7]--[@CR9]^. In addition, a growing body of evidence suggests that simultaneous targeting of multiple opioid receptors is necessary to reduce classic opioid side effects^[@CR10]--[@CR12]^. For this reason, with the characteristics of high activity at both the MOP and NOP receptors, along with multiple activation on other opioid receptors, cebranopadol has attracted much attention as a potential therapeutic candidate for treatment of cocaine dependence. Specifically, two recent studies demonstrated that administration of cebranopadol significantly decreased cocaine self-administration^[@CR13]^ and significantly reduced cue-induced cocaine-seeking behaviors^[@CR14]^ in rats. However, it was unclear whether these interesting behavioral observations are related to any potential effects of cebranopadol on cocaine pharmacokinetics or cocaine-induced hyperactivity. As noted in one of the reports^[@CR14]^, these reported studies did not examine potential effects of cebranopadol on the pharmacokinetics of cocaine or its effects on cocaine-induced hyperactivity. In principle, a promising therapeutic candidate for cocaine dependence treatment may alter the pharmacokinetics (PK) of cocaine and/or attenuate cocaine-induced reward and hyperactivity (locomotor-stimulating effect)^[@CR15],[@CR16]^ and, thus, decrease cocaine self-administration and reduce cue-induced cocaine-seeking behaviors.

As well-known, locomotor activity test is a basic unconditioned behavioral model to study the psychoactive effects of testing compounds^[@CR17]^. Psychostimulants and opioids directly or indirectly promote neuronal activity in mesocorticolimbic dopamine (DA) system to increase extracellular DA in the brain^[@CR18],[@CR19]^. Hence, dopaminergic systems are crucially involved in locomotor-stimulating effects and physical dependence in addiction of psychostimulants and the opiates^[@CR20]--[@CR23]^. Despite of the considerable studies on the analgesic effects of cebranopadol^[@CR1],[@CR2],[@CR24],[@CR25]^, the actions of cebranopadol on spontaneous motor activity of rats have not been characterized extensively. De Guglielmo *et al*.^[@CR14]^ did a locomotor activity test in rats administered orally of 25 µg/kg cebranopadol, and concluded that cebranopadol did not affect the locomotor activity. To the best of our knowledge, there has been no report of studies on the impact of cebranopadol on cocaine-induced hyperactivity. It is also interesting to know whether cebranopadol alters the PK profile of cocaine, as animal behavioral data are closely correlated with the PK of psychostimulants^[@CR26]--[@CR28]^.

In this study, we examined the possible effects of cebranopadol on cocaine pharmacokinetics and cocaine-induced hyperactivity (locomotor-stimulating effect). According to our animal data in rats, cebranopadol did not significantly alter the PK of cocaine. Further, cebranopadol significantly potentiated cocaine-induced hyperactivity at least after repeated drug administration, which is unexpected as the previous study^[@CR14]^ revealed that cebranopadol did not affect the locomotor activity in rats. In fact, according to our more extensive locomotor activity testing data, cebranopadol itself also dose-dependently induced hyperactivity in rats at doses higher than 50 µg/kg.

Results {#Sec2}
=======

Influence of procedure manipulation on locomotor behavior {#Sec3}
---------------------------------------------------------

We carried out extensive locomotor activity tests (see Figs. [1](#Fig1){ref-type="fig"}--[5](#Fig5){ref-type="fig"}) to examine whether cebranopadol has any effects on the locomotor activity of rats with or without cocaine administration. First of all, we examined possible effects of injection procedure, anesthesia, and vehicle (corn oil) on the locomotor activity in 12 rats during the first several days in order to habituate rats to the injection procedure and exclude manipulation influence. As shown in Fig. [1](#Fig1){ref-type="fig"}, curves plotted with distance moved per five minutes after anesthesia and vehicle treatment were overlapped with the corresponding control groups, showing no significant differences between the groups in the total distance moved in six hours from time 0 to 360 min (see Figs. [1](#Fig1){ref-type="fig"} and [4A](#Fig4){ref-type="fig"}), as expected.Figure 1Baseline locomotor activity of rats (n = 12) under various testing environments/procedures. (**A**) Effects of anesthesia without administration of saline or vehicle. (**B**) Effects of anesthesia with saline administration; saline (1 ml/kg) was injected (i.p.) at *t* = 0 (*i.e*. 60 minutes after the rats were put into the chambers). (**C**) Effects of vehicle (corn oil) without anesthesia; vehicle oil (1 ml/kg) was administered (p.o.) 15 min before the rats were put into the testing chambers. "Nothing" means no administration of saline or vehicle. Data are plotted as mean ± SEM meters moved per five minutes. The data were analyzed by two-way ANOVA with *post hoc* analysis, showing no significant difference between any of the pairs.Figure 2Hyperactivity in the same group of rats (n = 12) induced by cebranopadol (CEB) at various doses including 0 (vehicle), 25, 50, 75, and 100 µg/kg CEB in ascending order. Each time, vehicle or CEB was administered (p.o.) 15 min before the rats were put into the testing chambers. Data are plotted as mean ± SEM meters moved per five minutes and statistical significances were analyzed by two-way ANOVA with *post hoc* analysis.Figure 3Effects of 50 µg/kg cebranopadol (CEB) on cocaine-induced hyperactivity. The 12 rats were assigned randomly to two groups: testing and control groups (n = 6 per group). CEB (for the testing group) or vehicle (oil for the control group) was administered (p.o.) 15 min before the rats were put into the testing chambers; cocaine (20 mg/kg, i.p.) were administered at *t* = 0 (*i.e*. 60 minutes after the rats were put into the chambers). Prior to the locomotor activity testing with cocaine, the baseline locomotor activity data with vehicle + saline (1 ml/kg, i.p.) were determined in both groups of the rats (n = 6 + 6 = 12). Data are plotted as mean ± SEM meters moved per five minutes and statistical significances were analyzed by two-way ANOVA with *post hoc* analysis.Figure 4Total distances moved in 6 hours after cebranopadol (CEB) and/or cocaine (COC at a dose of 20 mg/kg, i.p.) administration in rats (n = 12). (**A**) Various negative control conditions; (**B**) dose-dependent effects of CEB on locomotor activity and effects of CEB on cocaine-induced hyperactivity. Data are presented as mean ± SEM and statistical significances were analyzed by one-way ANOVA with *post hoc* analysis.Figure 5Effects of 25 µg/kg cebranopadol (CEB) on cocaine-induced hyperactivity. These additional locomotor activity tests were performed on other 16 rats with daily administration of cocaine (20 mg/kg, i.p.) alone (n = 6) or cebranopadol (25 µg/kg, p.o.) + cocaine (20 mg/kg, i.p.) (n = 6) or cebranopadol (25 µg/kg, p.o.) (n = 4) alone within a week: (**A**) Day 1; (**B**) Day 2; (**C**) Day 3; (**D**) Day 4; (**E**) Day 5; (**F**) Day 6; (**G**) Day 7. Panel (**H**) shows the total distance traveled in six hours after the cocaine (or saline) administration. Prior to any drug (cocaine and/or cebranopadol) administration, all rats (n = 6 + 6 + 4 = 16) were tested for the baseline locomotor activity (with saline instead of cocaine) on Day 0 (baseline). The same baseline locomotor activity data (n = 16) were indicated in panels A to G as the common negative control. Each day, CEB or vehicle (oil) was administered (p.o.) 15 min before the rats were put into the testing chambers; cocaine (20 mg/kg, i.p.) was administered at *t* = 0 (*i.e*. 60 minutes after the rats were put into the chambers). Data are plotted as mean ± SEM meters moved per five minutes and statistical significances were analyzed by two-way ANOVA with *post hoc* analysis.

Cebranopadol-induced locomotor activity {#Sec4}
---------------------------------------

Rats, administered with an ascending dose (25, 50, 75, or 100 µg/kg, p.o.) of cebranopadol, were placed in non-porous plastic chambers to observe toxicity signs and monitor locomotor activity induced by cebranopadol. It turned out that cebranopadol did not elicit locomotor activity by itself when the dose was low (25 or 50 µg/kg; see Fig. [2](#Fig2){ref-type="fig"}). However, as the dose increased, the animals became apparently more active (Fig. [2](#Fig2){ref-type="fig"}). According to the two-way analysis of variance (ANOVA) with *post hoc* analysis, both 75 and 100 µg/kg cebranopadol induced significant hyperactivity (*p* \< 0.0001). These observations suggest that the rats are more active after treatment with 75 or 100 µg/kg cebranopadol than with 25 or 50 µg/kg cebranopadol during the testing process. Consistently, as shown in Fig. [4B](#Fig4){ref-type="fig"}, one-way ANOVA with *post hoc* analysis (on the total distances moved within six hours) also revealed a significant increase in total distance moved in six hours following the treatment with 75 and 100 µg/kg cebranopadol (*p* \< 0.05 and *p* \< 0.01, respectively) compared to the vehicle treatment and 50 µg/kg cebranopadol. We did not observe any adverse effects during the entire testing process.

Cebranopadol potentiated cocaine-induced hyperactivity {#Sec5}
------------------------------------------------------

The dose of 50 µg/kg cebranopadol (p.o.) was chosen to investigate the effect of cebranopadol on cocaine-induced hyperactivity because it was the highest dose without inducing hyperactivity on its own, as noted above. 20 mg/kg cocaine (i.p.)-treated rats showed distinct hyperactivity (Fig. [3](#Fig3){ref-type="fig"}, *p* \< 0.0001 *vs* the vehicle baseline), and they calmed down in about two hours after the cocaine injection. Two-way ANOVA with *post hoc* analysis revealed significantly increased locomotor activity after co-administration of 20 mg/kg cocaine (i.p.) and 50 µg/kg cebranopadol (p.o.) (Fig. [3](#Fig3){ref-type="fig"}, *p* \< 0.0001) in comparison with the injection of 20 mg/kg cocaine (i.p.) alone. The locomotor-stimulating effect sustained for a longer period of time during which the rats were not even calmed down until four hours after the cocaine administration. One-way ANOVA with *post hoc* analysis indicated that pretreatment with 50 µg/kg cebranopadol (p.o.) augmented cocaine-induced hyperactivity significantly, more than two times higher compared to the treatment with cocaine alone and more than six times higher compared to the treatment with 50 µg/kg cebranopadol by analyzing total distance moved in six hours (Fig. [4B](#Fig4){ref-type="fig"}).

It should be noted that the above-discussed effects of 50 µg/kg cebranopadol on cocaine-induced hyperactivity were based on the locomotor activity testing in the same 12 rats that had been tested with cebranopadol (as reported in Table [1](#Tab1){ref-type="table"}). A potential question was whether the previous cebranopadol administration would significantly affect the subsequent locomotor activity with cebranopadol again. Further, because previous studies^[@CR13],[@CR14]^ demonstrated that cebranopadol at the dose of 25 µg/kg (p.o.) significantly decreased cocaine self-administration, would cebranopadol at a dose of 25 µg/kg (p.o.) also potentiate cocaine-induced hyperactivity? To address these questions, we also carried out further locomotor activity tests on other 16 rats with daily administration of cocaine (20 mg/kg, i.p.) alone or cebranopadol (25 µg/kg, p.o.) + cocaine (20 mg/kg, i.p.) or cebranopadol (25 µg/kg, p.o.) alone during a week.Table 1Locomotor activity testing schedule (n = 12 rats).Day of StudyManipulationNumber of Rats/Group in TestingExperimental Purpose1Acclimation for 3 hoursn = 12Habituate the rats to injection procedures and exclude manipulation influence37-hour test without manipulationn = 125Salinen = 127Anesthesian = 129Anesthesia + salinen = 1211Vehiclen = 12Investigate cebranopadol-induced locomotor activity1325 µg/kg Cebranopadoln = 121550 µg/kg Cebranopadoln = 121775 µg/kg Cebranopadoln = 1219100 µg/kg Cebranopadoln = 1221Vehicle + salinen = 12Examine impact of cebranopadol on cocaine-induced hyperactivity23Vehicle + cocaineRandomly selecting 6 rats2450 µg/kg Cebranopadol + cocaineThe other 6 rats left

As seen in Fig. [5](#Fig5){ref-type="fig"}, repeated daily dosing of 25 µg/kg cebranopadol (p.o.) within a week never induced significant hyperactivity; there was no significant difference in the locomotor activity among all the locomotor activity tests with 25 µg/kg cebranopadol or saline (baseline), according to two-way ANOVA with *post hoc* analysis. Further, based on the results depicted in Fig. [5A](#Fig5){ref-type="fig"} to **C**, 25 µg/kg cebranopadol (p.o.) did not significantly change cocaine-induced hyperactivity during the locomotor activity tests after the drug (cocaine and/or cebranopadol) administration on Days 1 to 3. There was no significant difference in the hyperactivity between the two groups (cocaine alone group and cocaine + cebranopadol group) on Days 1 to 3. However, during Days 4 to 7, compared to the hyperactivity induced by administration of cocaine (20 mg/kg, i.p.) alone, the hyperactivity induced by co-administration of cocaine (20 mg/kg, i.p.) and cebranopadol (25 µg/kg, p.o.) had a nearly equal (or even slightly lower) peak, but lasted a longer period of time (see Fig. [5D--G](#Fig5){ref-type="fig"}). The difference was significant on Days 4 to 7, based on two-way ANOVA with *post hoc* analysis. We also performed one-way ANOVA with *post hoc* analysis on the total distance moved during six hours after the drug administration, showing that the total distance associated with the co-administration of cocaine (20 mg/kg, i.p.) and cebranopadol (25 µg/kg, p.o.) was significantly longer than that associated with administration of cocaine (20 mg/kg, i.p.) alone on Days 4 to 7 (Fig. [5H](#Fig5){ref-type="fig"}).

Cebranopadol did not change the PK profile of cocaine {#Sec6}
-----------------------------------------------------

To investigate whether cebranopadol can significantly alter the pharmacokinetic profile of cocaine and time course in plasma or attenuate/potentiate cocaine-induced hyperactivity, we conducted PK study to measure the concentrations of cocaine and all its metabolites in whole blood after pretreatment of cebranopadol. As showed in Fig. [6](#Fig6){ref-type="fig"}, we did not detect any significant effects of cebranopadol on cocaine PK profile according to our two-way ANOVA for the time courses of the blood concentrations of each compound (cocaine or its metabolite). Therefore, the increase of cocaine-induced hyperactivity associated with the pretreatment of cebranopadol was not caused by changing the blood concentrations of cocaine and its active metabolites.Figure 6Impact of cebranopadol on the PK profile of cocaine in rats (n = 4 per group). Time-dependent concentrations of (**A**) Cocaine, (**B**) EME, (**C**) BZE, (**D**) ECG, (**E**) Norcocaine, and (**F**) NEME. Rats received nothing (for control group), 50 or 100 µg/kg cebranopadol (p.o. for testing groups) 60 min before cocaine administration (20 mg/kg, i.p.). The blood concentrations of cocaine and its metabolites were detected simultaneously. BZE, EME, NEME, and ECG are abbreviation of benzoylecgonine, ecgonine methyl ester, norecgonine methyl ester, and ecgonine, respectively. Data are plotted as mean ± SEM and statistical significances were analyzed by two-way ANOVA with *post hoc* analysis.

Discussion {#Sec7}
==========

According to the locomotor activity data, cebranopadol at a low oral dose of 25 or 50 µg/kg did not significantly affect the locomotor activity in rats. The previously reported study also observed that cebranopadol at an oral dose of 25 µg/kg did not affect general locomotor activity of the rats^[@CR14]^. However, 25 µg/kg cebranopadol (p.o.) was the only dose tested in the previous study^[@CR14]^. The present study revealed that cebranopadol dose-dependently stimulates locomotor activity in rats, demonstrating significant hyperactivity at an oral dose of 75 or 100 µg/kg, but without showing any visible toxicity signs during the locomotor activity tests. The observed dose-dependent hyperactivity induced by cebranopadol is actually consistent with the previously reported observation that cebranopadol had discriminative stimulus property^[@CR29]^ to certain extent like morphine and the fact that cebranopadol is also an MOP receptor agonist (*K*~d~ = 0.7 nM) which is expected to induce hyperactivity at a sufficiently high dose^[@CR30],[@CR31]^.

It is interesting to note that, according to our locomotor activity data, 25 µg/kg cebranopadol (p.o.) did not induce significant hyperactivity itself, but significantly potentiated cocaine-induced hyperactivity on Days 4 to 7 after the repeated daily dosing the drug. As well know, cocaine induces a uniformly dose-dependent hyperactivity after acute administration^[@CR32],[@CR33]^. Concerning why an opioid can potentiate cocaine-induced hyperactivity, a number of preclinical studies have revealed cross-sensitization between opioids and cocaine, demonstrating that some other opioids also clearly potentiate cocaine-induced hyperactivity^[@CR34]--[@CR37]^. In general, both a psychostimulant, such as cocaine, and an opioid activate or augment the dopaminergic input into the nucleus accumbens and frontal cortex to produce psychomotor stimulant actions^[@CR34]--[@CR36]^. In particular, Smith *et al*.^[@CR37]^ examined cross-sensitization between opioids and cocaine, and determined that the extent of cross-sensitization was mediated by an opioid's selectivity for MOP, KOP, and DOP receptors. Likewise, their results revealed that MOP agonists morphine and buprenorphine and DOP agonist BW373U86 produced synergistic effects in cocaine locomotor activity tests. Cebranopadol may follow the same rule as it is a potent agonist of both NOP receptor (*K*~d~ = 0.9 nM) and MOP receptor (*K*~d~ = 0.7 nM).

Concerning why cebranopadol is capable of significantly decreasing cocaine self-administration and reducing cue-induced cocaine-seeking behaviors while significantly potentiating cocaine-induced hyperactivity, one possible explanation is that cebranopadol and buprenorphine have the similar effects. In fact, buprenorphine attenuates the expression of cocaine sensitization and other cocaine-related behaviors by increasing basal levels of glutamate in the nucleus accumbens, which serves to decrease the effectiveness of cocaine or cocaine-associated cues^[@CR38]^.

We also investigated whether the alteration of pharmacokinetics (PK) of cocaine after cebranopadol administration was the possible reason for cebranopadol potentiating cocaine-induced hyperactivity. The metabolic pathways of cocaine have been well known^[@CR15],[@CR39]--[@CR41]^. Briefly, majority of cocaine (\>90%) in rodents and primates is hydrolyzed to benzoylecgonine (BZE) and biologically inactive metabolite ecgonine methyl ester (EME) by either carboxylesterases^[@CR42]^ or butyrylcholinesterase (BChE)^[@CR16],[@CR43],[@CR44]^, and only minor portion (\~5%) is oxidized into norcocaine (NC) by P450^[@CR45]--[@CR47]^. Concerning physiological effects of BZE, early investigation indicated that it was a potent vasoconstrictor, whereas more recent literature suggested that it was an inactive metabolite of cocaine^[@CR48],[@CR49]^. NC is more toxic than cocaine itself, causing the hemodynamic changes and producing lethality^[@CR49]--[@CR51]^. Plasma BChE can further hydrolyze BZE to ecgonine (ECG) and NC to norecgonine methyl ester (NEME)^[@CR45],[@CR47],[@CR52],[@CR53]^. Among all these compounds, only cocaine but not NC produced stimulatory locomotor activity^[@CR51]^, whereas EME and ECG resulted in no specific effect^[@CR26]^. According to our PK data, cebranopadol did not affect the peripheral processing or general accessibility of cocaine to the brain to activate motor systems after co-administration of cebranopadol and cocaine, which indicates that the behavioral differences observed after co-administration of cebranopadol and cocaine cannot be attributed to the change in the cocaine PK profile. In fact, cocaine concentration determined in blood is well correlated with the presence of cocaine concentration in the brain^[@CR54]^. In mice, the brain/blood concentration ratios of cocaine and BZE, on the average, were approximately 7 and 0.1, respectively, between 5 and 60 min after i.p. administration of cocaine^[@CR54]^; in human fatal cases, the brain/blood concentration ratios were 9.6 for cocaine and 0.36 for BZE^[@CR55]^.

Further, compared to duration of the hyperactivity induced by cocaine alone, the duration of time for the hyperactivity induced by co-administration of cebranopadol and cocaine was much longer. The prolonged duration was likely related to the longer duration of action of cebranopadol. Notably, there has been no study reporting the concentration of cebranopadol in blood or brain (PK profile) and duration of action after oral administration of cebranopadol in rats. In fact, except for some professional pharmaceutical companies, it is difficult for a lab to determine the PK profile of cebranopadol administered orally, because its effective oral dose is too low to produce a concentration in plasma for a commonly used instrument to detect the compound. Nevertheless, a previous study revealed that the duration of action after intravenous (i.v.) administration of 12 µg/kg cebranopadol lasted for up to 7 hours (much longer than morphine at the equivalent effective dose) and the half-life of cebranopadol with a high i.v. dose of 160 µg/kg was 4.52 hours in rats^[@CR2]^.

In summary, the findings in the present study suggest that cebranopadol can dose-dependently induce weak hyperactivity on its own, and that cebranopadol at a low dose of cebranopadol (25 µg/kg, p.o.) which does not induce significant hyperactivity by itself can significantly potentiate cocaine-induced hyperactivity at least after the repeated daily dosing of the drug. These findings should arouse caution that cebranopadol could have some dose-dependent rewarding/positive reinforcement effects. In consideration of the important role of dopaminergic systems involved in locomotor-stimulating effects and physical dependence in addiction of psychostimulants and the opioids, more extensive studies are needed to understand the effects of cebranopadol on dopaminergic systems. A clear understanding of the potential of rewarding and positive reinforcement effects of this compound underlying the psychological and physical behavior is required before further clinical development of the compound in treatment of cocaine-dependent patients. This knowledge will also be valuable for using cebranopadol in clinical trials as an analgesic.

Materials and methods {#Sec8}
=====================

Animals and drugs {#Sec9}
-----------------

Male Sprague-Dawley rats were ordered from Harlan (Harlan, Indianapolis, IN), and housed initially in two rats per cage. Unless explicitly indicated otherwise, all rats were allowed *ad libitum* access to food and water except during testing time and maintained on a 12 h light/12 h dark cycle, with the lights on at 7:00 am at constant room temperature (21--22 °C) and humidity (45--55%)^[@CR56],[@CR57]^. All experiments were performed during the light phase of the light/dark cycle in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health. The animal protocol was approved by the IACUC (Institutional Animal Care and Use Committee) at the University of Kentucky. Cebranopadol (Sigma Aldrich, USA) was freshly prepared as a fine suspension with 100% corn oil by ultrasonic and administered by gavage (p.o.). (-)-Cocaine hydrochloride was provided by the National Institute on Drug Abuse (NIDA) Drug Supply Program (Bethesda, MD) and was dissolved in sterile saline with intraperitoneal (i.p.) administration. Paraoxon and heparin were purchased from Thermo Fisher Scientific (Waltham, MA). Formic acid was from Sigma-Aldrich (St. Louis, MO).

Locomotor activity testing procedure {#Sec10}
------------------------------------

Cebranopadol- and cocaine-induced locomotion activity was monitored individually by using a video-tracking system (as described previously^[@CR56],[@CR58]^) with rats weighing 260--320 grams at the beginning. Briefly, the locomotor activity tests were performed in high-density, non-porous plastic chambers measuring 50 cm (L) × 50 cm (W) × 38 cm (H) in a light- and sound-attenuating behavioral test enclosure (San Diego Instruments, San Diego, CA). Cumulative distance traveled was recorded by ANY-maze video tracking system (San Diego Instruments, San Diego, CA) to assess the locomotor activity beginning at 9:00 on testing day. The distance traveled was collected in 5-min bins. Cebranopadol or vehicle (oil) was p.o. administered 15 min under minor anesthesia with isoflurane before the rats were put into the testing chambers for 7-hour (*i.e*. time −60 to 360 min interval at X-axis) video track with or without administration of sterile saline (1 ml/kg, i.p.) or cocaine (20 mg/kg, i.p.) at 60 min (*i.e*. time 0 min point at the X-axis) after the rats were put into the testing chambers. Locomotor activity tests on the first 12 rats were proceeded as timeline in Table [1](#Tab1){ref-type="table"} and all injections were performed very gently. On non-testing days, all rats stayed in their home cages located in the rat-housing room. In addition to the locomotor activity tests listed in Table [1](#Tab1){ref-type="table"}, further locomotor activity tests were performed on other 16 rats with daily administration of cocaine (20 mg/kg, i.p.) alone (n = 6) or cebranopadol (25 µg/kg, p.o.) + cocaine (20 mg/kg, i.p.) (n = 6) or cebranopadol (25 µg/kg, p.o.) (n = 4) alone within a week.

Metabolism of cocaine after treatment with cebranopadol {#Sec11}
-------------------------------------------------------

Rats received a dose of 1 ml/kg vehicle, 50 or 100 µg/kg cebranopadol at 60 min before cocaine administration (20 mg/kg, i.p.). Blood samples (75 µl/sample) were collected from saphenous veins into heparin-treated capillary tubes at 5, 10, 15, 20, 30, 45, 60, 90, 120, and 180 min after the cocaine injection, and mixed with 100 µl paraoxon solution (250 µM paraoxon with 10 U/ml heparin in 0.1% formic acid) immediately. Blood samples were stored at −80 °C until analysis by using our previously developed LC-MS/MS method^[@CR52]^ for simultaneously detecting the concentrations of cocaine and its metabolites in blood samples.

Statistical analysis {#Sec12}
--------------------

All data were analyzed statistically with the Prism 8 software (GraphPad Software, San Diego, CA). All data are presented as mean ± SEM. One-way analysis of variance (ANOVA) with *post hoc* analysis was used to analyze differences of total distance moved in six hours in locomotion study. Two-way ANOVA with *post hoc* analysis was used to analyze the distance moved per 5 minutes in locomotor activity testing and the effects of cebranopadol on cocaine PK profile. Statistical significance was set at \*(*p* \< 0.05), \*\*(*p* \< 0.01), \*\*\*(*p* \< 0.001), or \*\*\*\*(*p* \< 0.0001).
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